Native DNA of both mirabilis mosaic virus (MMV) and the previously undescribed thistle mottle virus (ThMV) formed multiple bands when analysed by gel electrophoresis, thereby resembling DNA from other caulimoviruses. Denaturation showed that ThMV DNA had three discontinuities (one in one strand and two in the other) and that MMV DNA had four discontinuities which mapped in the same relative positions as those in DNA of figwort mosaic virus (FMV). DNA from carnation etched ring virus (CERV), FMV, MMV and ThMV was cloned in bacterial plasmids. Cloned full-length DNA of CERV, FMV or MMV was infective for plants.
INTRODUCTION
The caulimoviruses are a group of plant viruses which contain double-stranded DNA (for review, see Shepherd, 1979) . While much is known about the structure of the DNA of the type member, cauliflower mosaic virus (CaMV), little is known about other members of the group.
Mirabilis mosaic virus (MMV) has been assigned to the caulimovirus group on the basis of the size and shape of its particles and the presence of intracellular inclusion bodies (Brunt & Kitajima, 1973) . Although morphologically similar to CaMV, dahlia mosaic (DaMV) and carnation etched ring (CERV) viruses, MMV is distinct both in host range and serology. MMV has been reported to contain DNA (Donson & Hull, 1981) which has a restriction map unlike those of DNA from other caulimoviruses (Richins & Shepherd, 1983) .
Thistle mottle virus (ThMV) induces characteristic inclusion bodies, has virus particles similar in size and shape to those of CaMV (R. Hull, unpublished observations), but has not been described previously.
This paper reports the mapping of single-stranded discontinuities and restriction endonuclease sites present in DNA isolated from MMV and ThMV. We also report on the molecular cloning of DNA from CERV, figwort mosaic virus (FMV), MMV and ThMV, and their subsequent comparison by Southern transfer hybridization.
METHODS
Virus propagation andpurifieation. Mirabilisjalapa plants, naturally infected with MMV, were obtained from Dr A. O. Jackson, Purdue University, Indiana, U.S.A. MMV was propagated in M. jalapa plants inoculated using Myzus persicae. ThMV D NA was purified from Cirsium arvense plants derived from adventitious shoots of a single naturally infected plant collected in Norwich, U.K. FMV and CERV were propagated in Datura stramonium and Saponaria vaccaria cv. Pink Beauty respectively. FMV, MMV and ThMV DNAs were isolated from infected by the method of Gardner & Shepherd (1980) ; DNA was then centrifuged to equilibrium in CsCI density gradients as described by . CERV DNA was purified from infected plants as described by Hull & Donson (1982) .
Restriction endonuclease treatment. Restriction endonucleases, AvaI, BamHI, ClaI, EcoRI, Hhal, HincII, HindIII, HpaI, HpaII, PvuII, SphI, Xbal, Xhol and XorII, were obtained from sources listed in Hull & Donson (1982) . BglII, SalPI (~ PstI) and SalGI ( = SalI) were prepared at the John Innes Institute by P. E. Dickerson and J. A. Downie. Digests were performed in EeoRI buffer (Hull, 1980) and restriction fragments were separated on J. DONSON AND R. HULL agarose slab gels using the buffer described by . EcoRI, HindlII and EcoRl/HindIII fragments of phage 2 DNA were used as molecular weight markers.
Other treatments of native DNA. MMV or ThMV DNA was denatured by alkali treatment, electrophoresed in 1 ~ agarose gels and detected as described by McDonell et al. (1977) . The 5' termini of the discontinuities in native MMV and ThMV DNA were labelled using polynucleotide kinase and [y32p]ATP as described by Hull et al. (1979) ; the DNA was not dephosphorylated before labelling.
Molecular cloning. After complete digestion with BgllI, CERV DNA was cloned into the BgllI site of plasmid pKC7 (Rao & Rogers, 1979) . FMV, MMV and ThMV DNAs were inserted into pAT153 (Twigg & Sherratt, 1980) ; FMV and ThMV DNAs were cloned at their unique SalPI sites and MMV DNA at its unique SalGI site. The conditions used for restriction endonuclease digestion were those recommended by Bethesda Research Laboratories. Escherichia coli strain H B 101 (Boyer & Roulland-Dussoix, 1969 ) was used as the recipient host for transformations by the ligated DNA. Antibiotic-resistant colonies were identified and screened for virus-specific inserts by a modification of the method of Birnboim & Doly (1979) (see Grosveld et al., 1981) , followed by restriction endonuclease digestion and Southern transfer hybridization.
For infectivity testing and comparison by Southern transfer hybridization, DNA preparations of selected fulllength clones were obtained by the method of Birnboim & Doly (1979) , followed by CsCI density gradient centrifugation.
pCa24 was a full-length infective clone of CaMV B-JI inserted at the unique SalGI site in pAT153 (R. Hull, unpublished observations).
Infectivity tests. To test the infectivity of full-length cloned DNA the viral moiety was excised from the plasmid and inoculated into the species of plant used to propagate the original virus; 5 to 10 ~g total DNA was inoculated per plant. Virus DNA resulting from infection was detected by spot hybridization (Maule et al., 1983) and by the method of Gardner & Shepherd (1980) followed by Southern transfer hybridization.
Southern transfer hybridization analysis of cloned DNA. The cloned viral inserts were excised from their respective plasmids, isolated by the method of Girvitz et al. (1980) and 32p-labelled by nick-translation (Rigby et al., 1977) . Double-digests of full-length cloned DNA were electrophoresed in 1 ~ agarose and transferred to nitrocellulose as described by Southern (1975) . By repeating this procedure, each virus DNA was used as an excised cloned insert to probe a transfer containing DNA of the other caulimoviruses. Final washing of the nitrocellulose membranes was in 0.3 M-sodium chloride, 0.03 M-sodium citrate (2 x SSC), 0-1 ~ SDS at 65 °C. After autoradiography the nitrocellulose membranes were probed again and then washed in 2 × SSC, 0.1% SDS at 42 °C, conditions predicted to allow for greater mismatch than washing at 65 °C.
RESULTS

Native DNA
Native DNA of both MMV and ThMV formed multiple bands on electrophoresis in 1-2~ agarose gels ( Fig. 1 b, c) as does DNA from other caulimoviruses (Lawson & Civerolo, i9-76, 1978; Volovitch et al., 1976 Volovitch et al., , 1978 Meagher et al., 1977; Hull & Donson, 1982; Richins & Shepherd, 1983) . The slowest migrating group of bands in MMV and ThMV DNA preparations ( Fig. 1 b, c, group 1) behaves in gels like that of CaMV DNA ( Fig. 1 d , group 1) which is composed of twisted molecules . In addition, MMV and ThMV DNA preparations contain molecules that co-migrate with the full-length linear forms of FMV DNA, travelling slightly faster than those of CaMV DNA ( (Tables 1 and 2 ), indicates that MMV and ThMV DNAs are slightly smaller than CaMV DNA [8 kilobase pairs (kbp)] but similar in size to FMV DNA (7.8 kbp; Hull & Donson, 1982) . The gel also shows that, as for CaMV DNA (Fig. 1 d) (Hull & Covey, 1983) , a proportion of the molecules in the MMV and ThMV DNA preparations migrate faster than full-length linear molecules ( Fig. 1 b, c, group 3) . Denaturation of such molecules in preparations of CaMV DNA gives rise to single-stranded fragments characteristic of full-length open circular forms (Hull & Covey, 1983) .
Denatured DNA
The DNA of most CaMV isolates has three single-stranded discontinuities (Volovitch et al., 1976 (Volovitch et al., , 1978 Hull, 1980) , one in one strand (the s-strand) and two in the other (delimiting the 1% and ~-strands treatment, was electrophoresed in 1 ~ agarose gels several bands of single-stranded D N A were detected (Fig. 2a, f , h) . ThMV D N A was separated into three fragments (Fig. 2 ] ) with an ~-strand of a size (7.8 kb) similar to that of FMV D N A . The/3-and y-strands of ThMV D N A had molecular sizes of 5.2 kb and 2.6 kb respectively. Denatured MMV D N A also formed three bands (Fig. 2a, h ) but digestion with the single cutting enzyme SalGI ( Fig. 2i; Table 3 ) revealed that the faster moving band in the uncut D N A consisted of two co-migrating strands. All four MMV strands (~,/3, 7 and 6) co-migrated with the corresponding FMV strands (Fig. 2a, b) , having molecular sizes of 7-8, 3.8, 2-0 and 2.0 kb respectively.
Mapping o f restriction endonudease sites
The products of restriction endonuclease digestion of MMV and ThMV D N A are listed in Tables 1 and 2 . Five single cutting enzymes were obtained for MMV D N A and two for ThMV DNA. The size of each D N A , estimated from restriction enzyme digests, was about 7.8 kbp. As suggested by H o h n et al. (1980) for C a M V D N A , the zero points for the maps were taken as the single discontinuity in the or-strand. Therefore, the sites of action of some enzymes were m a p p e d in relation to the discontinuity in this strand. This was done for both M M V and T h M V by gel electrophoresis of denatured D N A which had previously been digested using a single cutting enzyme (Table 3 ). The sites of other enzymes were then mapped using double-digests (Tables 1  and 2 remaining 0t-fragment was labelled. Thus, the SalGI and HpaI sites on DNA of MMV and ThMV respectively are on the right-hand side of the maps (Fig. 4) . Fig. 3 also confirms the positioning of the other discontinuities. The reason for the relatively low autoradiographic intensity of the fl-strands from both MMV and ThMV DNA (Fig. 3) is unknown.
Molecular cloning
Virus DNA was cloned in Escherichia coli plasmids to ensure that the heterogeneity observed in some of the native DNA preparations (Fig. 1 ) was avoided and a unique isolate of each virus was used in further studies. Full-length clones (Fig, 1) with the viral insert in either orientation were obtained for DNA from CERV, FMV and MMV (designated pCE, pFM and pMM respectively). The cloned DNA of each of these three viruses was infective for plants when excised from the recombinant plasmid. Clones of ThMV DNA (designated pThM) were obtained in only one orientation. Although these appeared to be full-length (Fig. 1) , they have not been shown to be infective; however, conditions for infection of plants with ThMV virion DNA have yet to be determined.
The reason for the slower migration of the pAT 153 moiety of pCa24 in Fig. 1 (m) is unknown. A similar result was obtained with pMD324 (Delseny & Hull, 1983) , another infective fulllength clone of CaMV B-JI, after excision with SalGI (Fig. 1 p) . Viral DNA was extracted from plants infected with FMV or MMV clones and analysed by gel electrophoresis. This showed that on passage through plant cells the virus DNA derived from cloned DNA regained two of the features characteristic of native DNA: the collection of circular forms (Fig. 5 b, g, group oc) and the presence of single-stranded discontinuities (Fig. 5 e,  j) . Similar results were obtained following the passage of cloned CaMV DNA in plants (Howell et al., 1980) .
Southern transfer hybridization analysis of cloned DNA
Each of the cloned DNAs showed some degree of hybridization with CaMV DNA (pCa24); however, this was of a low level (estimated less than 1~o of that of the homologous hybridization). Hybridization was not noticeably greater when washing was done at 42 °C rather than at 65 °C. Similar results were obtained when each cloned DNA was used to probe a transfer containing DNA from the other caulimoviruses. This suggests that the viruses used in this study are distinct members of the caulimovirus group.
. . . . . . .
The maps of MMV and ThMV D N A (Fig. 4) and those of other caulimoviruses (Hull, 1980; Hull & Donson, 1982; Richins & Shepherd, 1983) reveal few or no similarities between the restriction enzyme patterns. Unlike Richins & Shepherd (1983) , we orientated the map of M M V so that it is directly comparable with those of other caulimoviruses. The restriction endonucleases we used for the mapping of M M V D N A which were in common with those used by Richins & Shepherd (1983) suggest that each group has worked with a similar isolate.
As with D N A from other caulimoviruses, that of M M V and T h M V has single-stranded discontinuities. All the caulimovirus D N A so far examined has one discontinuity in one strand, which in CaMV is the transcribed strand Hull et al., 1979) Hull & Donson, 1982) . The significance of the positioning of the discontinuities is at present unknown.
Although the different caulimoviruses have remarkably different maps, this may be due to a change of only a small number of nucleotides. However, the relatively weak heterologous reactions in Southern transfer hybridization between full-length clones of CaMV, CERV, F M V , M M V and ThMV suggest that these viruses are distinct members of the caulimovirus group. 
